; otherwise the enzyme reaction stops after a single turnover. Only the carboxylate oxygen atom of either PLP-Ala enantiomer occurred at a reasonable position that can mediate the proton transfer; neither the amino acid side chains nor the water molecules were located in the vicinity. Therefore, we propose a mechanism of alanine racemase reaction in which the substrate carboxyl group directly participates in the catalysis by mediating the proton transfer between the two catalytic bases, Lys 39 and Tyr
and catalyzes the interconversion between L-and D-alanine. The enzyme occurs ubiquitously in eubacteria and is indispensable for them because D-alanine is an essential component of peptidoglycans in eubacterial cell walls (2) . Therefore, the enzyme is an attractive target for developing mechanism-based inactivators, which may be useful as antibacterial agents, and we have studied the structure-function relationship in thermostable alanine racemase from Bacillus stearothermophilus (3) (4) (5) (6) .
Shaw et al. (7) have determined the three-dimensional structure of the enzyme from B. stearothermophilus at 1.9-Å resolution. Then, the structures of the enzyme complexes with (R)-1-aminoethylposphonic acid, a synthetic L-alanine analog serving as a slow tight bind inhibitor (8) , and with propionate (9) have also been analyzed. These crystallographic studies have suggested that the enzyme uses two catalytic bases, Tyr 265 Ј and Lys 39 , for the reaction (7, 8) . Through site-directed mutagenesis and kinetic studies, we have shown that Tyr 265 Ј serves as the base acting on the L-enantiomer (5, 10) and Lys 39 on the antipode (4) .
According to generally accepted mechanism as well as on the basis of these studies, alanine racemase reaction is proposed to proceed as shown in Scheme I: (i) transaldimination between Lys 39 bound with PLP (I) and the ␣-amino group of alanine to produce an external aldimine II; (ii) abstraction of the ␣-hydrogen from alanine to produce a resonance-stabilized quinonoid intermediate III; (iii) reprotonation at the ␣-carbon of the quinonoid intermediate III on the side opposite to that where the ␣-hydrogen was abstracted; and (iv) the second transaldimination between IV and Lys 39 to release product enantiomer of alanine.
However, the following questions have arisen. First, crystallographic studies have revealed that the N1 atom of the PLP pyridine ring is bound with a basic amino acid (Arg 219 ) contrary to aminotransferases, which use an acidic amino acid (aspartate or glutamate) at the corresponding position (7) . Arg 219 probably makes the pyridine nitrogen less protonated, in contrast to the acidic amino acid residues of aminotransferases. Therefore, Arg 219 destabilizes the quinonoid intermediate, which has been considered to be produced as an indispensable intermediate, as described above (Scheme I). Second, the twobase mechanism, in which Tyr 265 Ј and Lys 39 participate as catalytic bases, requires that Tyr 265 Ј be unprotonated and Lys 39 be protonated in the reaction with L-alanine, and vice * This work was supported in part by Scientific Research on Priority Areas (Grant 13125101 (to N. E.)) from the Japan Society for the Promotion of Science. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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EXPERIMENTAL PROCEDURES
Enzymes and Other Materials-The plasmid pAR310 encoding the alanine racemase of B. stearothermophilus was constructed as described previously (3). Alanine racemase was purified from Escherichia coli JM109 cells harboring pAR310 by the reported methods (5). The purified alanine racemase was dialyzed against a 100 mM potassium phosphate buffer (pH 7.2) containing 50 mM hydroxylamine and 0.01% 2-mercaptoethanol at 4°C for 24 h, followed by dialysis against the same buffer without hydroxylamine for about 10 h. Relative concentrations of the apoenzyme were determined by measurement of the activity before and after addition of 20 M PLP. All other reagents and chemicals were of analytical grade.
Assay Methods-Alanine racemase was assayed as described previously (4). Protein concentrations were determined by measurement of absorbance at 280 nm or by the method of Bradford with bovine serum albumin as a standard (11) .
Synthesis of PLP-L-Ala and PLP-D-Ala-We parepared the compounds by modification of previous methods (12, 13) . A reaction mixture containing 2 mmol of PLP and 10 mmol of L-alanine was adjusted to pH 9.3 with KOH and filled up to 20 ml with H 2 O. The solution was stirred at about 25°C for 60 min, and 5.2 mmol of NaBH 4 was added to the solution to reduce the Schiff base formed between PLP and L-alanine. After the solution was decolorized, an equal volume of 0.2 M formic acid was added to the reaction mixture. Then, the mixture was applied to a Dowex 1 ϫ 8 column (3.0 ϫ 15 cm) that had been equilibrated with 0.1 M formic acid. PLP-L-Ala was eluted with a linear gradient from 0.1 to 1.0 M formic acid. Fractions containing PLP-L-Ala were confirmed by thin layer chromatography and lyophilized: solid phase, cellulose; mobile phase, n-butyl alcohol saturated with 1 M HCl; detection, Gibbs' reagent (N-2,6-trichloro-p-benzoquinone imine in 1% ethanol) (14) . PLP-D-Ala was prepared in the same manner.
1 H NMR spectra of the final products were identical to each other: 8.1 ppm (s, 1H), 5.0 ppm (d, 2H), 4.5 ppm (s, 2H), 3.9 ppm (q, 1H), 2.6 ppm (s, 3H), and 1.5 ppm (d, 3H).
Crystallization-The alanine racemase complex bound with either PLP-L-Ala or PLP-D-Ala was prepared and crystallized as follows. A reaction mixture (1 ml) containing 23 nmol of apo alanine racemase, 200 nmol of PLP-L-Ala (or PLP-D-Ala), and 100 nmol of a Tris-HCl buffer (pH 8.5) was incubated at about 25°C for 6 h, and the solution was dialyzed against a 100 mM Tris-HCl buffer (pH 8.5) for about 10 h. Then, the enzyme solution was concentrated with a Millipore Centricon 30 concentrator. The enzyme complexes were crystallized by the hanging-drop vapor-diffusion method: reservoir solution, a mixture of 20% (w/v) polyethylene glycol 4000, 200 mM sodium acetate, and a 100 mM Tris-HCl buffer (pH 8.5); hanging-drop solution, a mixture of 5 l of protein solution (10 mg/ml) and 5 l of the reservoir solution. Drops were equilibrated against the reservoir solution at 20°C for about 1 week, and colorless crystals were obtained.
Data Collection-Diffraction data were collected with a Bruker HiStar detector using CuK␣ radiation (ϭ 1.5418 Å) produced by a rotating anode generator at 45 kV and 90 mA (MAC Science M18XHF). The distance between the crystal and the detector was 15 cm. The data were processed, merged, and scaled with the program of SAINT (Bruker). The data collection and refinement statistics are shown in Table I .
Structure Determination and Refinement-All refinement calculations were carried out with X-PLOR 3.851 (15) and CNS (16) programs.
Manipulation of the atomic model was performed with the TURBO-FRODO program (Bio-Graphics). We used the structure of the PLPform enzyme (Brookhaven Protein Data Bank code 1SFT (7)) as a starting model to run the rigid-body refinement program and determined the structure of the PLP-L-Ala complex first. Then, the structure of the PLP-D-Ala complex was determined on the basis of the structure of the PLP-L-Ala complex. Further refinement of the model was carried out with the positional and individual temperature refinement (B-factor refinement) programs of X-PLOR 3.851 (15) . The regions with conformational changes were checked on the basis of the 2F obs Ϫ F calc (contoured at 1) and F obs Ϫ F calc (contoured at 3) difference electron density map, and the atomic model was moved to fit an electron density map with the program TURBO-FRODO. The cycle of positional refinement, B-factor refinement, and manipulation of atoms were repeated until the crystallographic R-factor decreased below 22%. Then, water and analog molecules were added to the model, and several cycles of positional and B-factor refinements were run. Models of PLP-L-Ala, PLP-D-Ala, and carbamylated lysine (at Lys 129 (9)) were constructed with the program XPLO2D (17) .
Molecular Orbital Calculations-Molecular orbital calculations were carried out with the Gaussian98 program by means of gradient geometry optimization. The geometries of all structures were first optimized semi-empirically using AM1 Hamiltonian. The resultant structures were successively geometry-optimized at the level of Hartree-Fock and then at the level of B3LYP. The 6 -31G(d) basis set has been used for these calculations. The structures optimized at the B3LYP/6 -31G(d) level were subjected to single-point energy calculations (without optimization) at the B3LYP/6 -311G(d,p) level. The energy values were obtained in Hartree for a single molecule and were converted to kJ/mol using the conversion factor: 1 Hartree ϭ 2625.499964 kJ/mol.
RESULTS AND DISCUSSION

X-ray Structures of Alanine Racemase Complexes Bound with PLP-L-Ala and PLP-D-Ala-
We determined at 2.0-Å resolution the crystal structures of both alanine racemase derivatives bound with PLP-L-Ala and PLP-D-Ala (Table I ). The main chain (C␣) positions of the two structures are quite similar not only to each other but also to that of the PLP-form enzyme as shown by root mean square deviations at C␣, which are in a range be- (Fig. 1) . However, some corresponding parts of PLP-L-Ala and PLP-D-Ala cannot be superimposed on each other: in particular, the arms connecting the pyridine ring of PLP and the C␣ of alanine sit in different positions. This is probably due to the difference in the C 2 configuration of alanine as shown by the different directions taken by the C 3 -methyl groups of the alanine moiety of PLP-L-Ala and PLP-D-Ala; the methyl groups are oriented toward directions about 67°differ-ent from each other (Fig. 1) . Accordingly, the carboxyl group of the alanine moiety of PLP-L-Ala is turned about 42°from the corresponding position in the counterpart enantiomer. The 5Ј-phosphopyridoxyl moiety of the PLP-Ala enantiomer, however, occupies practically the same position as that of the other enantiomer. We found several water molecules at nearly identical positions in either PLP-Ala complex as shown in Fig. 2 , which also depicts amino acid residues probably interacting with PLP-Ala at the active center as well as the distances between the interacting atoms of the molecules. The interatomic distances for the phosphate oxygens and the pyridine nitrogen in the PLP-L-Ala complex are nearly identical to those in the counterpart complex (Fig. 2) . Therefore, the 5Ј-phosphopyridoxyl moiety of PLP-Ala is probably held tightly by the protein through interactions with the phosphate oxygen and the pyridine nitrogen atoms.
The previous crystallographic studies suggested that the NH1 of Arg 136 and the main chain nitrogen of Met 312 Ј from the other subunit constitute the recognition site for the carboxyl group of the substrate (7-9). We have found that these atoms occur at positions capable of forming hydrogen bonding with the carboxyl oxygen atom of PLP-Ala in either enantiomer complex (Fig. 2) . The interatomic distance between the main chain nitrogen of Met 312 Ј and the carboxyl oxygen of PLP-L-Ala is nearly equal to the corresponding distance in the antipode complex. Both complexes also show practically the same inter- atomic distance between WAT-a and the carboxyl oxygen. However, the distance between the NH1 of Arg 136 and another carboxyl oxygen atom of PLP-Ala in the PLP-L-Ala complex is longer than that in the antipode complex. By contrast, the NH 2 of Arg 136 in the PLP-L-Ala complex forms a hydrogen bonding with O3A of the pyridine ring that is shorter than that in the PLP-D-Ala complex. Therefore, the carboxyl group and O3A of the pyridine ring probably move concomitantly with each other through the interaction with Arg 136 .
Comparison with the Active Site Structure of the Native PLPform Enzyme-The pyridine ring of PLP-Ala in either enantiomer complex tilt about 24°outward from the position where the PLP ring stays in the native holoenzyme (7) (Fig. 1) . However, the PLP moiety of PLP-Ala interacts with the same amino acid residues as those used in the PLP-form enzyme: Ser 204 , Gly 221 , Tyr 354 , Tyr 43 , and Ile 222 with the 5Ј-phosphate group; Arg 219 with pyridine nitrogen; and Arg 136 with phenolic oxygen (7). The interatomic distances for the corresponding interactions are similar among the three forms: PLP, PLP-L-Ala, and PLP-D-Ala (Figs. 1 and 2) . Moreover, the PLP-form enzyme contains water molecules at nearly identical positions as those in the PLP-L-Ala and PLP-D-Ala enzymes, although the PLPform enzyme lacks one corresponding to WAT-g: WAT-753B, WAT-765B, WAT-711B, WAT-547A, WAT-546A, and WAT-563A in the PLP-form enzyme (7) correspond to WAT-a, WAT-b, WAT-c, WAT-d, WAT-e, and WAT-f of the PLP-L-Ala and PLP-D-Ala enzymes, respectively (data not shown).
Role of Tyr 265 Ј and Lys 39 -The ␣-hydrogen of the alanine moiety of PLP-Ala could not be observed by x-ray crystallography, but it is clear by the orientations of the methyl and other functional groups that the ␣-hydrogen of either enantiomer points to the corresponding residue: the ␣-hydrogen of the L-enantiomer toward Tyr 265 Ј and that of the D-enantiomer toward Lys 39 (Fig. 1) . The interatomic distances are also close enough to cause a reaction: 3. itself becomes unprotonated. Then, it is obvious that the reaction stops after a single turnover unless these residues return to their original states by secondary but ordered protonation or deprotonation. The enzyme needs to have a system to do so by for example, transferring a proton between the OH of Tyr 265 Ј and the ⑀-amino group of Lys 39 . Alternatively, the enzyme reaction may follow a completely new mechanism that does not depend on the protonation and deprotonation of Tyr 265 Ј and Lys 39 .
We have searched for amino acid residues around PLP-Ala in the complexes that possibly participate in catalysis (Fig. 3) . However, no residues or water molecules other than the OXT, O3A, and N atoms of PLP-Ala are situated within 4.5 Å from both the NZ of Lys 39 and the OH of Tyr 265 Ј. The O3A and N atoms of PLP-Ala are probably excluded from the candidates, because they are always protonated under the normal catalytic conditions (between pH 5 and 11), as evidenced by the UVvisible spectra of the enzyme. Thus, the OXT of the carboxylate is the only candidate for the mediator: the OXT of the PLP-LAla complex is 3.5 and 3.7 Å away from the NZ of Lys 39 and the OH of Tyr 265 Ј, respectively. The corresponding distances in the PLP-D-Ala complex are 4.5 and 2.8 Å, respectively. We have found that the carboxylates of both PLP-Ala enantiomers freely rotate around the CA-C1 axis without hitting other parts in the structural models (data not shown), and the OXT is readily accessible to the NZ of Lys 39 upon rotation. Therefore, we propose that the substrate carboxyl group participates in catalysis by acting cooperatively with Tyr 265 Ј and Lys 39 .
Mechanism Involving Substrate Carboxylate in Catalysis-
Sun and Toney (10) showed that the pH profile for the k cat /K m value in either direction of racemization (i.e. from D-to Lalanine or from L-to D-alanine) is superimposable on each other and represents two pK a values at 7.0 and 9.7. The group responsible for the lower pK a value (7.0) was assigned to be Tyr 265 Ј, while the group with the higher pK a value was assumed to be some active site residue (10) . It seems more favorable to assign the group with pK a 9.7 to be the ␣-amino group of free alanine, 2 because the dissociation of the ␣-amino group (pK a ϭ 9.6) of alanine should be reflected in the k cat /K m profile of the catalytic reaction. It should be noted that the transaldi- 2 The data of Sun and Toney (1999) can be reasonably interpreted as follows. The pK a value of Tyr 265 Ј is shifted from 7.0 to 10.5 by the R219A mutation and to a value out of the measurable range by the R219E mutation. The pK a values of 9.7 (the wild-type and R219K), 9.5 (R219A), and 9.6 (R219E) can be assigned as the ionization of the ␣-amino group of free alanine. mination between the internal and external aldimines (or some preceding step) is rate-determining in the overall catalytic reaction of alanine racemase (18) . Thus, the bell-shaped profile with pK a of 7.0 and 9.6 can be favorably interpreted as a reflection of the reaction of deprotonated Tyr 265 Ј and N-protonated alanine; the proton at the ␣-ammonium group is transferred to the phenolate O of Tyr 265 Ј to generate an active species for transaldimination: the free ␣-amino group of alanine. Then, the reactions shown in Scheme II, in which the substrate carboxylate participates in catalysis, probably proceed.
Scheme II is delineated without formation of a quinonoid intermediate, because the enzyme has Arg 219 at the site interacting with the pyridine nitrogen of the cofactor, which destabilizes the quinonoid intermediate. The phenolic hydroxyl group of Tyr 265 Ј removes ␣-hydrogen from L-alanine in its external aldimine with PLP (VI) and concertedly donates a proton to the carboxylate group of the aldimine. This proton transfer is rendered by the formation of a sterically favorable sixmembered ring. The resultant carboxyl group then donates the proton to the ⑀-amino group of Lys 39 , and, again, in a concerted manner, Lys 39 donates a proton to C␣ to form the D-alanyl-PLP aldimine (IX).
The advantage of this mechanism is: 1) both the ⑀-amino group of Lys 39 and the phenolic OH group of Tyr 265 Ј are allowed to maintain their non-ionized states throughout the catalytic steps; 2) the proton on the carboxylate group stabilizes the carbanion structures VII and VIII.
Molecular Orbital Calculations-We have examined whether the above proposed mechanism is feasible or not by quantum-chemical calculations as shown in Fig. 4 . Structure 1 corresponds to VI in Scheme II. The essentially symmetrical intermediates VII and VIII have ␣-carbanion and an undissociated carboxyl group. For structures 1 and 4, the dihedral angle C(carboxyl)-C␣-N-C4Ј was set to 180°for their calculations. However, there are two possible structures with regard to the position of the proton on the carboxyl group, namely, structures 2 and 3. We can directly compare their energy levels to verify the possibility of their interconversions, because they have the same number of atoms. The structure 2 has an energy level that is 12.25 kJ/mol lower than that of structure 1. Another conformer 3, in which the carboxyl group has rotated around its CA-C1 axis by 180°from structure 2, showed an energy level that was 24.17 kJ/mol higher than that of structure 1. Thus, the energy gap between 1 and 3 is larger than that between 1 and 2. The energy gap of 24.17 kJ/mol corresponds to a rate constant of 3.6 ϫ 10 8 s Ϫ1 , which is larger than the k cat value of the alanine racemase reaction (ϳ1 ϫ 10 3 s Ϫ1 ). Therefore, although the route via 2 is energetically more favorable than that via 3, the route via 3 cannot be precluded.
The pyridine N is most probably unprotonated, because it interacts with an arginine, as described above. It could be speculated, however, that the pyridine N is protonated for some unknown reason; then, the energy levels of 4, 5, and 6 can be also taken into consideration. The quinonoid structure 5 has an energy level that is 95.19 kJ/mol lower than that of the alanyl-PLP aldimine 4. Therefore, there is a large energy barrier on the reprotonation of the quinonoid intermediate 5 (or 6) to the aldimine (4), and the rate constant to go over the barrier is calculated to be 1.28 ϫ 10 Ϫ4 s Ϫ1 , which is more than 10 6 times lower than that of the alanine racemase reaction. Therefore, the route via the quinonoid intermediate can be virtually excluded.
The presence of an arginine residue instead of acidic residues at position 219 can be regarded as a strategy of the enzyme to keep the pyridine N unprotonated throughout the catalytic cycle. Sun and Toney (10) showed that the mutation of Arg 219 to a glutamate residue reduced the pH-independent k cat value by more than 3 orders of magnitude. Our quantum-chemical calculations support qualitatively the results of the R219E mutation.
If it is assumed that ␣-hydrogen is removed from structure 1 without participation of the substrate carboxyl group as an essential step for racemization, then it is useful to consider the calculation of the energy level of structure 7. However, structure 7 has one less proton than structure 1, and we cannot directly compare their obtained energy levels. Therefore, we have calculated the energies of acetone (8) and its carbanion (9) for reference (Fig. 4 ). The energy difference between structures 1 and 7 was 199 kJ mol Ϫ1 larger than that between structures 8 and 9. Thus, the pK a of the ␣-proton of structure 1 is considered to be more than 30 pK a unit higher than that of acetone, which is known to be around 19. This strongly weighs against the ␣-carbanion formation from 1 without participation of the substrate carboxyl group.
Formation of the quinonoid intermediate has been considered to be indispensable for the PLP-dependent enzyme reactions to stabilize the anionic intermediate formed by the cleavage of the C␣ of the substrate. However, the current results suggest that this is not the case for the alanine racemase reaction. The carbanion structure 2 (or 3) is generally considered to be unstable. However, the -electron density at C␣ is increased due to unprotonation of the pyridine N, and, therefore, the basicity of the carboxylate group is increased. In other words, the protonated carboxylic group is readily formed and stabilizes the ␣-carbanion. As a result, structure 2 (or 3) is stabilized and can be the intermediate connecting the two alanine-PLP external aldimine structures.
